Abstract. Total gaseous mercury (TGM) was continuously monitored at a remote site (CBS) in Mt. Changbai area, Northeastern China from 24 October 2008 to 31 October 2010. The overall mean TGM concentration was 1.60±0.51 ng m −3 , which is lower than those reported from remote sites in Eastern, Southwestern, and Western China, indicating a relatively lower regional anthropogenic mercury (Hg) emission intensity in Northeastern China. Measurements at a site in the vicinity (∼1.2 km) of CBS station from August 2005 to July 2006 showed a significantly higher mean TGM concentration of 3.58±1.78 ng m −3 . The divergent result was partially attributed to fluctuations in the relatively frequencies of surface winds during the two study periods and moreover an effect of local emission sources. The temporal variation of TGM at CBS was influenced by regional sources as well as long-range transported Hg. Regional sources frequently contributing to episodical high TGM concentrations were pin-pointed as a large iron mining district in Northern North Korea and two large power plants and urban areas to the southwest of the sampling site. Source areas in Beijing, Tianjin, southern Liaoning, Hebei, northwestern Shanxi, and northwestern Shandong were found to contribute to elevated TGM observations at CBS via longrange transport. Diurnal pattern of TGM at CBS was mainly controlled by regional sources, likely as well as intrusion of air masses from the free troposphere during summer season. There are no consistent seasonal pattern of TGM at CBS, and the monthly TGM variations showed links with the patterns of regional air movements and long-range transport.
Introduction
Mercury (Hg) is a persistent, bio-accumulative and toxic chemical in the environment and has potential adverse effects on human health. Hg in the atmosphere, which is derived from both anthropogenic and natural emission sources, is generally operationally defined into three major forms, namely elemental gaseous mercury (GEM), gaseous oxidized mercury (GOM), and particulate bounded mercury (PBM), with the sum of GEM and GOM known as total gaseous mercury (TGM). Due to its high surface reactivity and water solubility, GOM and PBM are readily deposited on a local and/or regional scale. On the contrary, GEM, the most abundant form of Hg in the atmosphere (>90 %), has an atmospheric residence time of ∼0.5-2 yr that is compatible with intra-hemispherical mixing (Schroeder and Munthe, 1998; Lindberg et al., 2007) .
Recently, significant efforts have been donated to measure atmospheric TGM in remote areas on a global scale and to evaluate the effect of long-range transport, local and regional sources, as well as atmospheric physical and chemical processes of Hg. The mean levels of TGM in remote areas of North America and Europe have been reported in the range of 1.3-1.7 ng m −3 (e.g. Lee et al., 1998; Kellerhals et al., East Asia tend to be comparatively elevated (Nguyen et al., 2007; Fu et al., 2008 Fu et al., , 2010a Fu et al., , 2011 Wan et al., 2009; Ci et al., 2011) . The spatial distribution of atmospheric TGM concentrations in remote areas world-wide generally coincides very well with the global anthropogenic Hg emission inventories (Wilson et al., 2006; Pacyna et al., 2011) , indicating the anthropogenic Hg sources play a dominant role in the atmospheric TGM distributions. East Asia is ranked as the world's largest anthropogenic source region of atmospheric Hg, where in China the majority (∼83 %) of the emissions originates from coal combustion and non-ferrous smelting activities (Wu et al., 2006; Pirrone et al., 2010; Pacyna et al., 2011) . The density of anthropogenic Hg emission in China displays a distinct regional distribution pattern with relatively higher emissions in Central, Eastern, Southern, and Southwestern China (Street et al., 2005; Wu et al., 2006) . Long-term monitoring of TGM at remote sites is crucial to assess the regional atmospheric Hg budget. A study conducted in a remote region of Southwestern China showed a mean TGM concentration of 2.80±1.51 ng m −3 (Fu et al., 2010) , which is highly elevated compared to the northern hemispherical background (1.5∼1.7 ng m −3 , Lindberg et al., 2007; Valente et al., 2007) . Long-term studies of atmospheric TGM are very limited in remote areas of China. Due to the impact of local emissions and strong regional sources, some of the previous studies tended to overestimate the regional background levels of atmospheric TGM (i.e. Fu et al., 2009; Wan et al., 2009) . In the present study, we conducted two years of continuous measurements of atmospheric TGM at a remote site in Mt. Changbai area, Northeastern China. Based on this long-term data set, we discuss in this paper the impacts of local and regional sources on the observations. We have used a hybrid receptor model to identify the potential source regions and pathways that contributing to the elevated TGM concentrations in the study area via long-range transport.
Experimental

Sampling locations
The sampling site (CBS: 42 • 24 0.9 N, 128 • 06 45 E, 741 m a.s.l) is operated by the Chinese Terrestrial Ecosystem Flux Research Network and situated about 40 km to the north of the major peak of Changbai mountain range (Fig. 1) . This mountain range stretches more than 1000 km from southwest to northeast. During the calendar year of , Wan et al. (2009 carried out a one-year measurement of atmospheric TGM in the Open Research Station of Changbai Mountain Forest Ecosystem, Chinese Academy of Sciences (S2, Fig. 1c, 42 • 24 0.1 N, 128 • 06 25 E, 738.1 m a.s.l), which is located about 1.2 km to the west of the CBS station. The CBS site is located in a deciduous broad-leaf forest; whereas S2 is located in an open-air site (∼5000 m 2 ) surrounded by deciduous broad-leaf forest. The sampling inlet of CBS was 2-3 m above forest canopy; whereas sampling inlet of S2 was mounted 2 m above the rooftop (5 m above surface ground) of a two-storey building and about 10 m from forest canopy.
Regions to the east and south of the sampling site consist of naturally preserved forest and mountainous areas without any significant sources of atmospheric pollutants, with the exception of a Maoshan iron mining situated ∼100 km to the east of CBS in North Korea. Most of the regional large point sources and major settlements are located to the west of the sampling site (Fig. 1c) . For example, Baishan city, with a pollution of∼300 000 and a large coal-fired power plant, are located 150 km southwest to the sampling site, and X. W. Fu et al.: TGM at a remote site in Mt. Changbai area, Northeastern China
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Tonghua city, with a population of 450 000 and a large coalfired power plant, is located about 190 km southwest to the sampling site (Fig. 1c) . Figure 1a shows the locations of large coal-fired power plants (incl. installed capacity >1000 MW) in East Asia. Most of these large point sources are situated more than 300 km to the west and southwest of our study area. Baihe town (pop. ∼49 000), the major settlement in the study area, is located ∼1.4 km to the northeast of CBS and ∼0.5 km to the north of the site S2 (Fig. 1c ). There were some domestic coal and biomass burning activities during the study period, which may constitute an important Hg source to the local atmospheric environment.
TGM measurement method
From 24 October 2008 to 31 October 2010, TGM concentration in ambient air was continuously monitored using an automated Hg vapor analyzer (Tekran 2537A). The operation of the instrument relying on pre-concentration of TGM onto gold traps, followed by thermal desorption, and detection of Hg 0 by cold vapor atomic fluorescence spectrometry. The instrument features two gold cartridges working in parallel. While one cartridge is collecting TGM, the other one is performing analysis of the collected TGM. The function of the cartridges is then reversed, allowing continuous sampling of ambient air. The sampling inlet was mounted at a height of 2∼3 m above the forest canopy by using a 25 m Teflon tube and a 15 m heated Teflon tube. Particulate matter in ambient air was removed using a 45-mm diameter Teflon filter (pore size 0.2 µm) upstream of the analyzer, which was replaced every two week. It should be noted that an unknown fraction of GOM in the TGM was likely lost during passing the 25-m un-heated Teflon tube due to its adsorption to tube inner surface and particles. However, it is not well known that how much percent of GOM was stuck by the sampling Teflon tube, and whether the stuck GOM could be transformed to GEM and sequentially determined by the Hg vapor analyzer. Since GOM generally constitutes a small fraction (<1 %) of TGM in ambient air and the loss of GOM only had very limited effect on measured atmospheric Hg, we referred atmospheric Hg as TGM throughout the paper and just aimed to have a good accordance with TGM measurements in other literatures. The analyzer was programmed to measure atmospheric TGM at a time resolution of 5 min and at a sampling flow rate of 1.0 L min −1 (Sampling flow rate and volume are referenced to 0 • C and 760 mm Hg pressure). The detection limit of the analyzer is estimated to be∼0.15 ng m −3 (Tekran 2002). The Tekran 2537A analyzer was calibrated automatically every 25 h by means of using the instrument's internal Hg permeation source. The emission rate of the permeation source was verified every 4∼6 months by performing manual injections of Hg 0 by a syringe from an external Hg vapor source (Tekran 2505). During sampling, a standard addition unit (Tekran 1120) was employed to make real-time check of the measurements, and results from the standard addition unit were comparable to the auto calibrations results (ratio = 1.08±0.10).
Hourly averaged meteorological parameters including wind speed and wind direction were obtained from the standard meteorological station at S2 site as such measurements were not available at CBS. Since S2 was located about 1.2 km from CBS, and the surrounding areas were characterized by flat terrain. We roughly speculate that the CBS and S2 had similar wind speed and wind direction during the study period.
Potential Source Contribution Function (PSCF) analysis
To identify the possible impacts of long-range transport on atmospheric TGM, 5-day backward trajectories arriving at CBS at a height of 500, 1000, and 1500 m above ground level were calculated using a Geographical Information System based software ) and gridded meteorological data (Global Data Assimilation System, GDAS1) from the U.S. National Oceanic and Atmospheric Administration (NOAA).. The calculated backward trajectories were used to make Potential Source Contribution Function (PSCF) analysis of atmospheric TGM at Mt. Changbai, which has been applied in many previous studies to identify possible source areas for the measured atmospheric pollutants (e.g. Kim et al., 2005; Choi et al., 2008) . The PSCF values for the grid cells in the study domain were calculated by counting the trajectory segment endpoints that terminate within each cell. The number of endpoints that fall in the ijth cell is designated as N ij . The number of endpoints for the same cell corresponding to TGM concentrations higher than an arbitrarily set criterion (mean TGM concentration of 1.60 ng m −3 during the whole sampling campaign was used here) is defined to be M ij . The PSCF value for the ijth cell is then defined as:
Since backward trajectories starting at different heights traverse different distances and pathways, multiple height PSCF analysis was performed with starting elevations of 500, 1000, and 1500 m above ground level, respectively. The total endpoints in the geophysical region covered were 234 998 and the geophysical region was divided into 9801 grid cells of 0.5 × 0.5 latitude and longitude. To reduce the effect of small values of N ij , the PSCF values were multiplied by an arbitrary weight function W ij to better reflect the uncertainty in the values for these cells (Polissar et al., 2001) . The weighting function reduced the PSCF values when the total number of the endpoints in a particular cell (N ij ) was less than about three times the average value of the end points per each cell: Slemr et al., 2011) .
Our result also compares favourably with the TGM level predicted from modelling studies ). The relatively low TGM level observed at CBS can be explained by a combination of factors. First of all, the study area is relatively isolated from dominant source regions of China. As can be seen from Fig. 1a , most of the large coal-fired power plants (>1000 MW) are located more than 200 km from the sampling site. Large industrial centres and urban areas associated with significant anthropogenic Hg emissions are located more than 100 km from the study area (Baihe town was found to have a limited effect on TGM levels at CBS site, which will be further discussed in Sect. 3.2).
Moreover, many air masses ended at CBS were originated from northern Inner Mongolia of China, Western Mongolia, and Siberia of Russia (Fig. 1a) , which are generally regarded as regions with relatively low anthropogenic Hg emissions (Wilson et al., 2006; Pacyna et al., 2010) . It should be also pointed out that dry deposition of TGM to forest canopy was probably an additional reason for low TGM level observed at CBS. Many studies suggested that TGM in ambient air is the predominant source of Hg in forest leaves and forest canopy could be an important sink of atmospheric TGM (e.g. Zhang et al., 2005; Poissant et al., 2008; Fu et al., 2010) . Since the sampling tube inlet was installed closely (2-3 m) to forest canopy in this study, and adsorption of TGM by forest leaves might partially contribute to the relatively lower levels of TGM observed at CBS station. The overall geometric mean TGM concentration at S2 was 3.58±1.78 ng m −3 (median: 3.15 ng m −3 ), which is more than twofold higher compared to the present study. Given the proximity between the stations, we speculate that the significant inter-stational difference in TGM concentrations was mostly due to an abrupt temporal shift in the source strength of the regional and local sources. Figure 3a and b display the wind rose and TGM concentration distribution as a function of wind direction at CBS, respectively. During the study period of 2008-2010, most of the surface air flows were derived from an easterly sector; whereas air flows from southwest to northeast passing over the major regional sources, accounted for relatively lower frequencies. TGM concentrations exhibited a strong dependence on wind directions at CBS. As shown in Fig. 3b , wind flows from the southwestern sector were frequently associated with elevated TGM concentrations (1.6-1.8 ng m −3 ) than other sectors. This corresponds very well with the locations of two largest coal-fired power plants and large cities to the southwest of the sampling site (Fig. 1c) . However, it should be pointed out that these sources to the southwest were not likely to contribute significantly to the sampling site, mainly because air flows from southwest constituted a small portion of the total wind sectors during the study period. On the other hand, air flows from north to west and south showed relatively low TGM concentrations of 1.4∼1.6 ng m −3 (Fig. 3b) , with the exception of easterly flow. The slightly elevated TGM mean concentrations associated with easterly flow can potentially be attributed to Hg emissions from Maoshan iron mining area in the north of North Korea. This mining area is one of the largest opencast operating iron mining areas in the Northeast Asia located ∼100 km to the east of CBS (Fig. 1) . As air flows from east direction were most abundant, Hg emissions from the mining area likely had a notable impact on the TGM observations at CBS. On the contrary, we were not able to identify elevated TGM concentrations associated with air flows originated from and/or passed over Baihe town.
Effects of long range transport (>200 km) of air pollutants on the TGM level at CBS were evaluated by using the PSCF analysis. As shown in Fig. 4 , Beijing, Tianjin, northwestern Shanxi, northwestern Shandong, Hebei, and southern Liaoning provinces in Northern China as well as the south of North Korea are identified as potential source regions and pathways for the CBS sampling site. The identified source areas correspond very well with the anthropogenic Hg emission inventory in Eastern Asia (Fig. 4) . Northern Central China including Beijing, Tianjin, Shanxi, Hebei, Shandong, and Liaoning is an important anthropogenic source region of China, and it is predicted that 140 tons of Hg was emitted to the atmosphere in 2003 (Wu et al., 2006) . There is a lack of studies of ambient TGM in this region. However, a monitoring survey of TGM at rural, suburban, and urban sites of Beijing municipality revealed elevated levels (means ranged from 3.1 to 24.7 ng m −3 ) of TGM, indicating significant anthropogenic Hg emissions in this area (Liu et al., 2002) . The potential area identified in Southern North Korea includes several large coal-fired power plants (Fig. 1) and is also classified as a high anthropogenic Hg emission region by Hg emission inventory (e.g. Shetty et al., 2008; Wilson et al., 2006; Pacyna et al., 2010) . Northern Bohai Sea was also identified as a potential source region to the CBS during the study period. We conclude that this is mainly resulted from anthropogenic Hg emissions from surrounding areas of Bohai Sea. As shown in Fig. 1a , there are a number of large coal-fired power plants in the coastal areas of Bohai Sea. Also, the coastal areas of Bohai Sea are densely populated and have many typical industrial Hg sources (e.g. large Zinc plants, chlor-alkali plants, , which may contribute to significant atmospheric Hg-enriched plumes.
In contrast, TGM concentrations at S2 from August 2005 to Jul 2006 were mainly affected by regional and local sources. As shown in Fig. 3c , surface winds at S2 showed a quite different distribution pattern with CBS, with southwest as the predominant wind direction. Since most of the regional sources were located to the southwest of the sampling site, the predominant southwesterly flow plausibly contributed to the elevated levels of TGM at S2.
Emissions of Hg from coal and biomass burning in the station and the Baihe town also played an important role in TGM distribution at S2. The Changbai mountain forest ecosystem research station is generally open to the scientific researchers during summer season (July to September, Opening season). During the opening season, coal and biomass burning for cooking was prevalent and released Hg to the atmosphere. As shown in Fig. 5 , TGM concentrations at S2 during the opening season varied significantly and exhibited a much higher mean TGM concentration (mean 4.49±2.44 ng m −3 ) compared to other seasons (mean 3.02±1.44 ng m −3 ), indicating the significant impact of Hg emissions deriving from inside the research station area. Nevertheless, in the study of Wan et al. (2009) , the highest mean TGM concentrations at S2 were observed under northerly to westerly flow patterns (Fig. 3d) , which is not consistent with the results obtained at CBS. This indicates that, unlike the site of CBS in this study, Hg emissions from Baihe town likely had a notable impact at S2. This is mainly because S2 was located much more close (∼0.5 km) to the Baihe town compared to CBS (∼1.4 km) in the present study. Partially, it is also plausible that the domestic coal and biomass burning in recent years has been decreased to yield lower emissions. In general, coal and biomass burning during cold season is prevalent in many areas of China. This source has strong seasonal variations with enhanced emissions in cold months and could play an important role in local atmospheric Hg budget. Previous study by Fu et al. (2009) in Southwestern China revealed that such source resulted in a 25 % (∼2 ng m −3 ) increase of atmospheric TGM concentration in the downwind of a major settlement. As shown by Wan et al. (2009) , elevated TGM concentrations were observed during cold months at S2, which was partially attributed to Hg emissions from Baihe town. The PSCF result regarding the observational study at S2 suggests a significant impact from local and regional sources. As shown in Fig. 6 , a small region to the north and south of the sampling site were modelled with the highest PSCF values. However, this region has a relatively sparse population and there is no significant point source. The high PSCF value generated in this area might be probably due to the trailing effect. In general, PSCF analysis could give a constant weight along the path of trajectories. Therefore, areas downwind and upwind actual source regions are also likely to be identified as potential source regions. As discussed above, Baihe town, located closely to the north of S2, contributed significantly to the high levels of TGM at S2. This local source could be probably responsible to high PSCF value in the region to the north of the sampling site S2.
Impact of regional emissions from Baishan and Tonghua on the CBS and S2 was not clearly identified by the PSCF results. It is speculated that Hg released from Baishan and Tonghua urban areas was mainly carried to the sampling sites via local surface wind system, which may not coincide very well with directions of backward trajectories. Overall, the indentified potential source areas at S2 do not correspond very well with anthropogenic Hg emission inventory in Northeastern and Northern China. We suggested that local and regional sources might play a predominant role in TGM distribution at S2 during the sampling campaign, whereas effects from long-range transport might be less important. Moreover, it also indicates that observations made at sites impacted by strong local and regional sources are less suitable to identifying potential source and pathways of pollutants using PSCF method.
Temporal trends of TGM at CBS
TGM concentrations showed clear diurnal variations at CBS. As shown in Fig. 7 , TGM concentrations during all the seasons tended to increase after sunrise (05:00∼06:00 in local time), with the highest concentrations observed before noon, and then decreased throughout the afternoon and the whole night. This is consistent with the observations conducted at rural sites in Mt. Leigong and Mt. Gongga. The surface wind system at CBS was partially controlled by mountain and valley breeze, with air flows from surrounding low-altitude areas during daytime and from mountain peaks during night, respectively. We conclude that the elevated TGM concentrations during daytime were plausibly attributable to the impact of regional sources. During night, TGM concentrations in ambient air of the industrial and urban areas probably increased due to the significant Hg emissions under shallow nocturnal boundary layer conditions (Lee et al., 1998; Feng et al., 2004) . The Hg-enriched air masses from regional source areas could be transported to the sampling site via upslope air movements and caused elevated TGM concentrations during daytime. The peaks observed before noon were probable due to the encounters of plumes from coal-fired power plants and urban areas, while decrease of TGM in the afternoon was likely caused by enhanced vertical atmosphere movement which diluted the regional atmospheric TGM concentrations.
The diurnal pattern of TGM was especially pronounced during summer, with significantly lower nighttime TGM concentrations compared to other seasons. We speculate that this is mainly linked to downslope flows originated from free troposphere, which may have much lower GEM concentrations due to the fast oxidation of GEM by ozone, OH, or possible other oxidants under dry air conditions (Swartzendruber et al., 2006; Faïn et al., 2009; Slemr et al., 2009) . Also, deposition of TGM to vegetation foliar under shallow nocturnal boundary layer conditions during leaf-growing season might play an additional effect to decrease night TGM concentrations (Poissant et al., 2008) .
TGM concentrations did not show a consistent seasonal pattern at CBS during the calendar years of 2008-2009 and 2009-2010 . As shown in Fig. 8 , the highest monthly value was observed in June 2010, with the mean of 2.14 ng m −3 . However, the monthly mean TGM concentration (1.27 ng m −3 ) in June 2009 was relatively lower compared to other months. Additionally, during the first year, months during cold seasons generally showed relatively higher TGM concentrations; while TGM concentrations were relatively lower in the cold seasons of the second year (Fig. 8) . The monthly variations of TGM at CBS was quite different from the studies in Southwestern and Southern China (Feng et al., 2004; Fu et al., 2008 Fu et al., , 2010 , which showed highly elevated TGM concentrations in cold seasons related to enhanced local and regional coal combustions. We examined the wind roses during June and October 2010 in which monthly mean TGM concentrations were observed (2.14 and 1.92 ng m −3 , respectively). It is shown that surface wind flows in these two months were mostly from directions linked to the regional sources as aforementioned (Fig. 9) . This indicates variations of predominant wind directions, which might change sources-receptor relationships in the study area, played an important role in influencing monthly TGM variations.
Long-range transport was also responsible for the seasonal variations of TGM at CBS. Figure 10 shows the seasonal PSCF results at CBS. It is shown that the CBS was mostly impacted by anthropogenic Hg emissions from Beijing, Tianjin, Hebei and Liaoning during spring and autumn sampling 4224 X. W. Fu et al.: TGM at a remote site in Mt. Changbai area, Northeastern China campaigns (Fig. 10a and c) , and this is likely contributable to elevated mean TGM concentrations in spring and autumn during the whole study period (Table 1) . In winter, north of Shanxi province was calculated with the highest PSCF value (Fig. 10d) , and this is probably linked to Hg emission from the large coal-fired power plants in this area (Fig. 1a) . Impact of long-range transport from strong source regions of Northern China tended to decrease in summer, partially because the study area was controlled by the southeast monsoon which brought air masses from ocean areas. On the other hand, the dominant southeast monsoon also carried anthropogenic Hg emission from Korean Peninsula which might be an important source region to the CBS during summer season (Fig. 10b) .
Conclusions
In this study, we conducted a two years (October 2008-October 2010) of continuous measurement of atmospheric TGM at a remote site in Mt. Changbai area, Northeastern China. The mean concentration during the whole sampling campaign was 1.60±0.51 ng m −3 . This value is comparable to the values observed from remote areas in the Northern hemisphere, whereas it is much lower than those observed from remote sites in Southwestern, Northeastern, Southern, and Eastern China, likely indicating relatively lower anthropogenic Hg emissions in the Northeastern China and Asia. TGM level in the present study is much lower than the mean concentration (3.58±1.78 ng m −3 ) observed at the other site in the study area during the period between August 2005 and July 2006. We found that relative frequencies of surface wind flows were quite different during these two study periods, with east as the predominant wind direction in the present study (October 2008 -October 2010 and southwest in the previous study (August 2005 -July 2006 , respectively. The highly elevated TGM concentrations for the previous study were probably resulted from more pronounced impacts of regional sources which mostly situated to the southwest of the study area. Besides, the measurement in the previous study was also impacted by coal and biomass Hg emissions from the sampling site and a major settlement nearby.
Both regional sources and long-range transport impacted the distribution of TGM in ambient air at CBS; whereas the effect from local sources was minimal. Regional sources included two large power plants and urban areas situated more than 150 km to the southwest, and an iron mining area situated 100 km to the east of the sampling site. The regional sources controlled the diurnal distributions of TGM at CBS which showed elevated levels during daytime, and also contributed significantly to the monthly variations of TGM. Long-range transported Hg was mostly originated from Beijing, Tianjin, northwestern Shanxi, northwestern Shandong, Hebei, and southern Liaoning, which were generally regarded as important source regions in China.
